Objective: Glucocorticoid receptor (GR) polymorphisms alter glucocorticoid (GC) sensitivity and have been associated with altered metabolic profiles. We evaluate the prevalence of the four GR (NR3C1) polymorphisms BclI, N363S, ER22/23EK, and A3669G in patients with Cushing's syndrome (CS) compared with healthy controls (HC) and we investigate their role in the development of metabolic abnormalities in patients with CS according to their hormonal profile. Patients and methods: Sixty-one patients with CS and 71 sex-and age-matched HC were genotyped. Results: BclI variant was markedly higher in patients with CS compared with HC (62 vs 41%, P!0.05) while no significant differences were found among other polymorphisms. A very low frequency of N363S and the ER22/23EK was observed. In CS patients, despite the significantly increased levels of morning serum cortisol in BclI carriers compared with wild type no clinical or metabolic differences were found. In contrast, A3669G GR carriers showed a significantly reduced prevalence of type 2 diabetes mellitus compared with wild type (19 vs 68%, PZ0.001) despite the higher levels of both serum morning (21.7G6 vs 27.3G8.6 mg/dl, PZ0.009) and midnight cortisol (18.8G5.8 vs 24.0G8.0 mg/dl, PZ0.01). The negative association between diabetes and A3669G GR polymorphism remained significant when data were adjusted for potential confounding factors. Conclusions: The A3669G polymorphism of the GR gene plays a protective role in patients with CS, attenuating the effects of GC excess on glucose metabolism as shown by their reduced risk of diabetes.
Introduction
Endogenous Cushing's syndrome (CS) is an uncommon disorder resulting from chronic exposure to increased levels of glucocorticoids (GCs) frequently due to a pituitary tumor (Cushing's disease (CD)) hypersecreting ACTH or less frequently caused by independent adrenal overproduction of cortisol (adrenal CS (ACS)) (1) (2) (3) (4) (5) (6) .
Chronic GC excess is associated with metabolic complications such as central obesity, arterial hypertension, type 2 diabetes mellitus (T2DM), and dyslipidemia (7) . Although all these conditions are common in patients with CS, their frequency is very different among patients suggesting the existence of variable sensitivity to GC, at least partially genetically determined, that plays a role in modulating the effect of cortisol excess on various tissues (8) . In this respect, the glucocorticoid receptor (GR) may be at least in part responsible for the variable response to GCs (9) .
Several investigations have shown that polymorphisms of the GR (NR3C1) may be associated with altered sensitivity to GCs leading to negative or positive effect on metabolic profile (10) .
In particular, the BclI and the N363S polymorphisms of the GR gene have been associated in the general population with an enhanced sensitivity to GCs and consequently to increased abdominal fat mass, higher cholesterol levels and hyperinsulinemia in obese carriers, and low bone mineral density (11) (12) (13) (14) (15) .
In contrast, subjects with the ER22/23EK GR polymorphism show a relative GC resistance reflected in favorable metabolic parameters and body composition (16) (17) (18) .
Finally, the A3669G GR polymorphism, a GR variant located in exon b, seems to be associated with an increased expression and stabilization of the dominantnegative splice variant GR-b. There is evidence that enhanced GR-b expression results in greater inhibition of GR-a (the functional GR isoform) transcriptional activity, producing relative GC resistance (19) (20) (21) (22) (23) (24) . The presence of this polymorphism has been associated in the general population with increased inflammatory parameters and cardiovascular disease despite a more favorable lipid profile in men and body composition in women (25) (26) .
While the functional role of GR polymorphisms in the general population has been extensively investigated, data in patients with endogenous hypercortisolism are inconsistent.
Except for Szappanos et al. (27) who recently evaluated GR polymorphisms and bone metabolism in patients with endogenous hypercortisolism, and found increased skeletal sensitivity to GCs in patients with the BclI GR polymorphism, to our knowledge there are no studies on the role of GR polymorphisms on clinical and biochemical parameters in patients with CS.
The aim of this study, therefore, was to evaluate the prevalence of the four GR polymorphisms BclI, N363S, ER22/23EK, and A3669G in patients with CS compared with healthy controls (HC) and secondly to investigate the role of these genetic variants in the development of metabolic abnormalities in patients with CS.
Patients and methods
Sixty-one patients with a diagnosis of active and overt CS consecutively referred to our center from January 2000 to December 2010 were studied. The diagnosis of endogenous hypercortisolism and the differential diagnosis among CD, ectopic ACTH secretion, and ACS were based on clinical features and biochemical data according to the consensus statement and clinical practice guideline (7, 28) . The diagnosis of CD was subsequently confirmed on pituitary surgery and/or post-operative clinical and biochemical resolution of hypercortisolism.
In all CS patients personal history was collected and a complete physical examination and biochemical and hormonal evaluation were performed.
All patients were genotyped for the presence of the four GR polymorphisms BclI, N363S, ER22/23EK, and A3669G and genotype distributions were compared with those of 71 age-and sex-matched HC. HC were recruited from patients referred to our center for thyroid evaluation and found to be disease free. Exclusion criteria for HC were a personal history of hypercortisolism. All CS and HC were of Caucasian origin.
Clinical evaluation
Anthropometric measurements included weight, height, and body mass index (BMI). A BMI O30 kg/m 2 was considered as an index of obesity. According to international criteria (29) , arterial pressure was measured in the right arm with subjects in a relaxed sitting position and the average of three measurements calculated. On the basis of ATPIII criteria (30) , subjects with systolic blood pressure R130 mmHg and/or diastolic blood pressure R85 mmHg and/or on anti-hypertensive therapy were considered as affected by hypertension. Disease duration was estimated on the basis of date of onset of signs and symptoms of hypercortisolism.
Biochemical evaluation
The diagnosis of T2DM was made according to the criteria revised in 2003 by the American Diabetes Association (31) and patients were also considered diabetic if they were taking any hypoglycemic drugs. An oral glucose tolerance test (OGTT) was performed in all patients without a prior diagnosis of DM, not on therapy for the condition and with fasting plasma glucose !126 mg/dl. b-Cell function and insulin sensitivity were assessed by homeostasis model assessment (HOMA) according to Matthews et al. (32) by the following formulas: HOMA b-cell (%)Z(20!fasting insulin (mU/l))/(fasting glucose (mmol/l)K3.5) and HOMA-IRZ(fasting glucose (mmol/l)!fasting insulin (mU/l))/22.5. On the basis of ATPIII criteria (30) , hypercholesterolemia was defined as the presence of a total serum cholesterol R200 mg/dl and hypertriglyceridemia as the presence of serum triglycerides levels R150 mg/dl. In our study, patients with hypercholesterolemia and/or hypertriglyceridemia and/or on lipidlowering treatment were considered as dyslipidemic.
Hormonal evaluation
All subjects had measurements of: i) morning serum cortisol and midnight serum cortisol after 24 h hospitalization; ii) 24 h urinary free cortisol (UFC; the average of two collections in almost all cases); and iii) serum cortisol levels after a 1 mg dexamethasone suppression test (1 mg DST).
Assays
Chemiluminescent immunometric assays were used to measure serum cortisol (Advia Centaur; Bayer Diagnostics). Method sensitivity was 0.4 mg/dl and intra-and inter-assay variation coefficients of variation (CV) were 4.4 and 6.0% (normal range 5-23 mg/dl for morning serum cortisol).
Twenty-four hours UFC was assessed by HPLC in accordance with the modified Santos-Montes method (intra-assay CV 7.73%; normal range 9.2-45.2 mg/24 h) (33) .
Plasma glucose, insulin levels, total serum cholesterol, serum triglycerides, low-density lipoprotein, and high-density lipoprotein were measured by standard procedures. To determine genotypes of the Asn363Ser polymorphism, we digested the relevant PCR products at 65 8C for 5 h with 4 U Tsp509I and NE buffer 1 supplied by the manufacturer of the enzyme (New England BioLabs, Ipswich, MA, USA). The subsequent separation on 2% agarose gel of digestion fragments gave bands of 19 and 134 bp (Asn363 variant) and did not cut the PCR product (153 bp band) in the case of the Ser363 variant. An invariant band of 95 bp was seen in all samples.
Intron 2 primers were designed for a PCR product to include the BclI RFLP C to G mutation 646 bp downstream of exon 2. The genotypes were determined by digestion for 2 h at 50 8C with 15 U BclI and NE buffer 3 supplied by the manufacturer of the enzyme (New England BioLabs) and subsequent separation on 2% agarose gels. The CC genotype produced two bands (221 and 117 bp), the CG genotype three bands (335 221 and 117 bp) while the GG genotype remained undigested.
To determine genotypes of the ER22/23EK, we digested the relevant PCR products at 37 8C for 2 h with 5 U MnlI and NE buffer 2 supplied by New England BioLabs. MnlI cleaves at 5 0 -CCTC(N)7-3 0 and at 3 0 -GGAG(N)6-5 0 . Fragments were visualized with ethidium bromide on a 3% agarose gel. The first mutation was silent, changing codon 22 from GAG to GAA, both coding for glutamic acid. The second mutation changed codon 23 from AGG to AAG, resulting in an amino acid change from arginine to lysine. The heterozygote genotype produced two bands (190 and 160 bp), the homozygote wild type genotype one band (160 bp).
To determine genotypes of GR-gene polymorphisms, the PCR products were treated with PCR Purification Kit (Qiagen GmbH) and directly sequenced using on ABI BigDye Terminator Cycle Sequencing Kit (Applied Biosystems) with the primers listed in Table 1 . Excess dye was removed by a DyeEx 2.0 Spin Kit (Qiagen GmbH). The eluates were analyzed on an ABI Prism 310 Genetic Analyzer.
The study was performed according to the Helsinki Declaration II with written informed consent obtained from all patients and approval by the Local Ethics Committee.
Statistical analysis
Data are expressed as meanGS.D. with the KolmogorovSmirnov test applied to verify the normal distribution of quantitative variables. Based on data distribution, comparison of continuous variables between the two groups was performed by the Student's t-test or the Mann-Whitney rank sum test. One-way ANOVA or Kruskal-Wallis ANOVA was used to compare variables between different groups and the Bonferroni test for post-hoc analysis. Categorical variables were analyzed by the c 2 test or Fisher's exact test if appropriate. Logistic regression analysis was used to assess the association between the presence of T2DM (dependent variable) and the presence of A3669G GR polymorphism corrected by confounding factors (independent variables). Significance was set at P!0.05. Statistical analysis was performed by SPSS Software version 18.0 (SPSS, Inc., Chicago, IL, USA).
Results
Genotype distributions and allele frequencies of the four GR gene polymorphisms in patients with CS and in HC were summarized in Table 1 . Our data showed a markedly higher prevalence of the BclI variant of the GR gene in patients with CS than in HC (62.3 vs 40.8%, P!0.05). No significant differences were found in the allelic frequencies of the others three GR polymorphisms (A3669G, N363S, and ER22/23EK).
When patients with CS were divided into CD and ACS and then considered separately, no significant difference was observed in the Bcl1 carrier frequency between the two groups (61 vs 65%, PO0.05). When each group was compared with HC statistical significance was found only between CD and HC (61 vs 41%, P!0.05), probably reflecting the lower number of patients with ACS.
Nine patients with CS were excluded from clinical and biochemical statistical evaluation for incomplete data. Clinical and biochemical features of the 52 patients with CS investigated are shown in Supplementary Because of the low frequency of the N363S and the ER22/23EK GR polymorphisms found, only the BclI and the A3669G GR gene variants was evaluated for the potential association with hormonal, clinical, and metabolic parameters in patients with CS.
No CS patients expressed all four GR polymorphisms whereas 12 CS patients coexpressed the BclI and A3669G GR gene variants. Three N363S carriers coexpressed the BclI GR polymorphism while the three ER22/23EK carriers coexpressed the A3669G GR gene variant.
The three patients carrying the N363S GR polymorphism were: two patients with CD (one, 55-year-old female and one, 14-year-old male) and one patient with ACS (a 30-year-old female); all three patients were affected by hypertension. In contrast, the three patients with the ER22/23EK GR polymorphism all had CD and showed dyslipidemia (two, 59-and 32-year-old female and one, 35-year-old male).
Clinical and biochemical features of patients with CS according to Bcl1 and A3669 haplotype were summarized in Tables 2 and 3 respectively. No significant differences were found when homozygous and heterozygous were analyzed separately. For this reason and considering the very small number of homozygous, we decided to consider homozygous and heterozygous as a single group of patients defined as 'carriers'.
Because the increased levels of serum cortisol and the longer duration of disease found in CD compared with ACS, we take into account also the distribution of CD among 'carriers' and wild type found no significant differences (Tables 2 and 3) .
Our data showed that BclI carriers compared with wild type had higher levels of serum morning cortisol (25.9G7.6 vs 21.2G7.0 mg/dl; 714.8G209.7 vs 585.1G193.2 nmol/l, PZ0.029) but no different levels of either midnight serum or UFC, similarly no clinical or metabolic differences were found between the two groups of patients (Table 2 ). In contrast, the presence of the A3669G GR polymorphism was associated with a reduced prevalence of type 2 diabetes in A3669G carriers compared with wild type (19 vs (Table 3) .
Considering the linkage between the A3669G and the ER22/23EK GR gene variants, we performed all the evaluations analyzing A3669G without ER22/23EK and found no significant differences (data not shown).
In Table 4 , we report the association (measured by the odds ratio) with T2DM and A3669G GR polymorphism adjusted for potential confounding factors (BclI and ER22/23EK coexpression, age, sex, BMI, familial diabetes, and duration of disease). Logistic regression analysis showed that the presence of the A3669G was associated with a lower risk of DM regardless of age, sex, BMI, familial diabetes, duration of disease, and BclI and ER22/23EK coexpression. The logistic regression analysis showed also that the presence of the BclI GR gene variant was associated with an increased risk of developing DM.
When CS patients were considered according to their genotype (wild type, BclI carriers, A3669G carriers, and patients coexpressing BclI and A3669G GR polymorphisms), A3669G carriers still showed a reduced prevalence of T2DM that resulted in statistically significance compared with BclI carriers (11 vs 79%, PZ0.001) and with a trend of significance compared with wild type (11 vs 50%, PZ0.07). Even when the A3669G GR gene variant was expressed in association with the BclI GR polymorphism, the patients showed a lower prevalence of T2DM compared with BclI carriers (25 vs 79%, PZ0.008; Fig. 1 ).
Discussion
In this study, we found that the BclI variant of the GR gene was significantly more frequent in patients with CS than in HC and that patients with CD and ACS have a similar prevalence of this variant. While the prevalence of this GR polymorphism in our CS is in line with that recently reported by Szappanos et al. (27) , the allele frequency found in our control group is lower compared with that previously reported (w35%) in healthy subjects (12-14, 34, 35) . Although the significance of our finding is therefore uncertain, the potential role of the BclI GR polymorphism in susceptibility to develop endogenous hypercortisolism should be taken into account and is worthy of further investigation.
Several previous studies have shown that polymorphisms of the GR are associated with altered sensitivity to GCs: in particular, the BclI polymorphisms of the GR gene have been associated with an enhanced sensitivity to GCs and consequently to a worse metabolic and bone profile in the general population (10, (12) (13) (14) (15) . Patients with subclinical hypercortisolism were recently investigated by Morelli et al. (36) to evaluate the role of the GR polymorphisms in metabolic or bone alterations in patients with adrenal incidentalomas (AI) without features of overt hypercortisolism. They found an increased frequency of arterial hypertension (alone or in combination with vertebral fractures) in patients with AI carrying the homozygous BclI GR gene variant (such as the heterozygous N363S GR polymorphism) with or without subclinical hypercortisolism, suggesting a possible role for GR polymorphisms in this group of patients in determining the metabolic and bone complications typical of overt cortisol excess.
In patients with overt CS only the role of GR polymorphisms on bone metabolism has been investigated. In particular, Szappanos et al. (27) found increased skeletal sensitivity to GCs in CS patients carrying the BclI GR polymorphism compared with wild type. To our knowledge, our study is the first to analyze the potential role of the GR gene variants in the development of clinical and metabolic complications in patients with overt endogenous hypercortisolism.
In our study, contrary to that reported by Morelli et al. (36) in patients with AI, the BclI GR polymorphism was not associated with an increased prevalence of arterial hypertension. The logistic regression analysis showed however an association between the presence of the BclI GR gene variant and an increased risk of developing DM. BclI carriers showed also increased levels of serum morning cortisol compared with wild type, but no differences in BMI, HOMA parameters, or lipid profile were found between the two groups.
The main result of our study was the low frequency of T2DM in patients with the A3669G GR polymorphism, a finding not previously reported. We found that the A3669G carriers showed a significant reduced prevalence of this metabolic alteration compared with wild type (19 vs 68%, P!0.05), despite increased levels of serum morning and midnight cortisol. The significance of this finding persisted even when the A3669G carriers were divided into two groups according to the BclI GR gene variant coexpression. In particular, one patient of the nine A3669G carriers and three patients of the twelve coexpressing the two GR polymorphisms A3669G and BclI were affected by DM. These findings, in addition to the increased risk of developing DM associated with BclI, reinforce the protective role of A3669G able to reduce the risk of DM even when coexpressed with Bcl1.
The negative association between DM and the A3669G GR polymorphism remained significant when data were adjusted for potential confounding factors (such as age, sex, BMI, familial diabetes, duration of disease, and BclI coexpression). Considering the linkage between the A3669G and the ER22/23EK GR gene variants we added the coexpression of ER22/23EK in the logistic regression analysis as a potential confounding factor. The association between A3669G GR polymorphism and the lower risk of developing DM remained statistically significant even after this adjustment. All these findings suggest therefore a dominant role for the A3669G in patients with CS able to module the GR sensitivity with a selective protective role from the negative effects of GCs excess on glucose metabolism.
The effects of GCs are mediated by GR-a, the functional GR isoform. An alternative isoform, GR-b, behaves as a dominant-negative inhibitor of GR-a and has been implicated as a factor contributing to GC resistance. The A3669G GR polymorphism, located in the 3 0 end of exon 9b, results in increased stability of GR-b mRNA and increased GR-b protein expression; this may lead to greater inhibition of GR-a transcriptional activity and consequently reduced sensitivity to GCs. Previous investigations have indeed associated the A3669G GR polymorphism with relative GC resistance due to decreased GR-a transcriptional activity (19) (20) (21) (22) (23) (24) (25) (26) .
The major limit of our study was the limited number of CS patients studied. It should be remembered, however, that CS is a rare disorder with an estimated annual incidence of 2.3 million/year (2) . Although the amount of CS patients in our study was relatively small, the number was sufficient to detect significant findings not previously reported about the potential protective role of this GR polymorphism on glucose metabolism alterations. DM is a common complication of CS interesting ranging from 20 to 50% of patients with overt endogenous hypercortisolism (7) . This prevalence is however probably underestimated because alterations in glucose metabolism are not always investigated, and an OGTT is not always performed in patients with active CS.
In our study, the diagnosis of T2DM was made according to the criteria revised on 2003 by the American Diabetes Association (31) and, by these criteria, the prevalence of altered glucose metabolism was 48%. GC excess increases the expression of several key enzymes involved in liver gluconeogenesis and thus increased production of glucose; they also play an important role in the development of both insulin resistance and impaired b-cell function (7, 37, 38) .
In our study, insulin resistance and b-cell function in patients with CS was investigated by measuring HOMA-IR and HOMA b-cell. We found no differences in these parameters in A3669G carriers compared with wild type. On this basis decreased stimulation of liver gluconeogenesis by GCs excess in patients with the A3669G GR polymorphism may explain the lower prevalence of DM observed.
In summary, we evaluated the four polymorphisms of the GR gene in CS for potential association of these gene variants with clinical or metabolic complications typically seen in overt hypercortisolism. We excluded ectopic CS and patients with cortisol-secreting adrenal carcinoma from the evaluation to investigate a homogeneous group of patients and minimize confounding factors. As potential confounding factors, the coexpression of more than one polymorphisms was also considered. Our results suggest a protective role of the A3669G polymorphism of the GR gene in patients with CS that attenuates the effects of GCs excess on glucose metabolism, and thus a reduced risk of developing DM.
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